Late Permian (early Tatarian, 258 Ma) 
INTRODUCTION
A cold palaeoclimate has been inferred during deposition of Permian rocks of the Sydney Basin for a variety of reasons: dropstones in marine rocks (Herbert 1980a) ; solifluction flows in beach sands (Gostin & Herbert 1973) ; glendonite pseudomorphs of ikaite in marine shales (Carr et al. 1989) ; deformation like that of shore ice in tidal flat siltstones (Stutchbury 1989) ; coal seams interpreted as string bogs (Conaghan 1984; Conaghan et al. 1994 ; Retallack in press); and seasonally deciduous fossil plants (Retallack 1999) . Such a palaeoclimate is compatible with the high palaeolatitude of this part of Australia during the Permian as revealed by palaeomagnetism and global tectonic reconstructions (Embleton 1984; Scotese & Denham 1988) . These various lines of evidence are not, however, sufficiently precise to constrain such variables as equator-to-pole temperature gradients during the Permian, and there remain problems for accurate palaeoclimatic modelling of that period of geological time (Kutzbach & Ziegler 1993; Yemane 1993; Fawcett et al. 1994) . This paper introduces palaeosols as another line of palaeoclimatic evidence in an attempt to both refine and resolve problems in palaeoclimatic interpretation and modelling.
Ever since Russian studies of soil genesis and geography in the late nineteenth century, climate has been a prominent variable for understanding soil morphology and chemistry at high latitudes (Tedrow 1977) . Subsequent polar exploration has revealed a great array of permafrost deformation in soils produced under specific climatic regimens (Washburn 1980; Karte 1983) . Many of these climate-sensitive soil and permafrost features can be preserved in palaeosols as ancient as Precambrian and as deformed as greenschist facies metamorphism (Williams 1986; Retallack 1990; Retallack & Alonso-Zarza 1998). This paper aims to apply this approach to Late Permian (early Tatarian) palaeosols in the Broughton Formation near Kiama and Dapto on the south coast of New South Wales.
GEOLOGICAL SETTING
The Broughton Formation is largely sandstone which interfingers eastward into a local latite (shoshonite of Joplin 1964) volcanic centre. It includes the lower part of the informal Gerringong volcanic facies and has several formally named flow and interflow members (Table 1) . Sandstone of the Broughton Formation is dominated by feldspar and volcanic rock fragments, reflecting its volcanic source (Raam 1968 (Raam , 1969 .
Marine faunas of the Broughton Formation, and particularly the Westley Park Sandstone Member, indicate a Late Permian age, or more precisely the Echinalosia ovalis brachiopod zone of Runnegar (1980) and the Echinalosia spp. nov. (numbers 5 & 6) zones of Briggs (1991) . The Broughton Formation is probably about 258 Ma, judging from local radiometric dating (summarised by Veevers et al. 1994a) . The volcanic flows are in the uppermost part of the Carboniferous-Permian Reversed Magnetozone (formerly Kiaman Magnetic Interval) and its transition into the Illawarra Magnetozone. This transition is dated at 265 Ma and early Tatarian by international calibration of the palaeomagnetic time scale (Menning 1995) .
Deep burial alteration of the Broughton Formation is mild, perhaps because this volcanic terrain was a positive landscape feature less deeply buried than other parts of the Sydney Basin (Middleton 1993). Overlying Upper Permian to Middle Triassic rocks of the Sydney Basin are as much as 1500 m thick (Stroud 1974; Uren 1974; Bowman 1980; Herbert 1980b ). An additional 800 m of overlying Upper Triassic and Lower Jurassic sedimentary rocks has been eroded away. The missing section can be inferred from the shape of diatreme intrusions and the pollen content of their shale clasts (Crawford et al. 1980; Branagan 1983 ) and the vitrinite reflectance and rank of coals of the Illawarra Coal Measures (Diessel 1992; Faiz & Hutton 1993) . This 2.3 km of burial would have compacted the palaeosols to some 95% of their former thickness, using a compaction equation (Caudill et al. 1997) . Thermal modelling of the Sydney Basin gives maximum temperatures of some 170°C (Middleton 1993). Illitisation would be expected under such conditions (Eberl et al. 1990 ), but is not indicated by sharpness of the 10 Å peak on XRD traces of Broughton Formation palaeosols. Their indices of illite crystallinity (Weaver index 1.25, Kübler index 1.7°2⌰, Weber index 300) are well short of the anchizone of regional metamorphism (values >2.3, <0.42, <181 respectively: Frey 1987) . Laumontite cement indicates zeolitisation (Raam 1968) , but is probably hydrothermal-volcanic alteration rather than regional metamorphism. Also found in sandstone of the Sydney Basin is rare dawsonite cement, presumably derived from tectonic degassing of CO2 (Baker et al. 1995) . In addition, palaeosols of the Broughton Formation were altered by decomposition of organic matter, gleization (chemical reduction) of iron oxides and reddening by dehydration of iron hydroxides shortly after burial, as is usual for palaeosols (Retallack 1991) . These early diagenetic alterations are indicated by their red hue, drab-haloed root traces and organic-lean clay-filled root traces (Retallack 1990) .
Much of the Broughton Formation is thought to have been deposited in beaches, tidal flats and a shallow openocean shelf (Bull & Cas 1989) . The Kiama Sandstone Member at Mt Pleasant and near Kiama ocean baths has yielded marine bivalves (Raam 1969; Runnegar 1980) and burrows with transverse clayey partitions (backfills) similar to burrows found elsewhere in Permian marine rocks of the Sydney Basin (Pickett 1972) . Marine fossils and burrows also are found in the Jamberoo Sandstone Member near Dapto and elsewhere (Raam 1969) . Also found is hummocky cross-stratification indicating strong storms during a season of little sea ice (Arditto 1985; Cas & Wright 1987 figure 10.19; Bull & Cas 1989 ). Yet some sea ice or icebergs were present, judging from large dropstones (Raam 1968; Cas & Wright 1987, figure 10.13; Bull & Cas 1989) and glendonites in the Westley Park and Kiama Sandstone Members (Carr et al. 1989) . The Blow Hole Latite flows have columnar jointing (rather than pillows) and so cooled on land (Raam 1968; Bull & Cas 1989) . Other flows of the Gerringong volcanic facies extended out into the shallow ocean as demonstrated by breccias, pillows and associated soft-sediment deformation of unconsolidated marine sediments (Cas & Wright 1987; Bull & Cas 1989) .
The Gerringong volcanic centre was probably an island at first, then a peninsula, within the shallow-marine continental shelf of the southern part of the Sydney Basin during the Late Permian. The volcanics were downfaulted during Cretaceous rifting of the Tasman Sea, but they can still be detected in the continental shelf as a magnetic Table 1 Formal stratigraphic units in the Gerringong volcanic facies (from Jaquet et al. 1905; Raam 1969; Carr 1983 (Cas & Wright, 1987) .
To the west of the volcanoes was initially a shallow seaway, then a lowland mantled by vitric, crystal and lithic tuffs. The green and red sandstones have palaeocurrents heading northwest along the Permian shoreline, as well as northeast toward the shoreline (Bowman 1980; Arditto 1991 : Herbert 1995 . Much farther west were low hills of Palaeozoic schists and quartzites (Runnegar 1980) . Connection between the north-trending volcanic arc and the northwest-trending mainland probably began as a wave-swept tombolo, then widened into a wave-dominated coast of beach ridges and alluvial lowlands (Bowman 1980; Veevers et al. 1994a 
MATERIALS AND METHODS
My search for palaeosols in the Upper Permian Broughton Formation near Kiama and Dapto (Figures. 1, 2) included only large exposures in road cuts and sea cliffs where the rocks were sufficiently free of modern weathering to allow geochemical studies of ancient weathering. Palaeosol profiles were sampled for petrographic and chemical study. Thin sections were counted for 500 points each for separate counts of grainsize and mineral composition using a Swift automatic point counter. Bulk density was determined by the clod method using paraffin. Chemical analyses were from inductively-coupled plasma-fusion for major oxides and X-ray fluorescence for trace elements by Bondar Clegg Inc., Vancouver, BC Canada, with ferrous iron from ferrous ammonium sulfate titration and loss on ignition by 4 hours at 600°C (Appendices 1*, 2*). Errors were estimated from multiple analyses of CANMET SY-3 and CANMET SO-2 for ICP. Error (± 1) from ten replicates of R1604 for bulk density is 0.04 g.cm -3 . Manipulation of the chemical data to
Permian permafrost palaeosols 15 reveal degree of soil formation included calculation of molecular weathering ratios, pedogenic strain and mass transfer (Brimhall et al. 1991; Retallack 1997a) .
PALAEOSOLS OF THE GERRINGONG VOLCANIC FACIES
Two different kinds of palaeosols were found: Loveleigh and Harvey palaeosols. They are named here as pedotypes (Retallack 1994) , and were sampled and described in detail at the localities where best exposed (Tables 2, 3) . Two Harvey palaeosols are in the upper Jamberoo Sandstone Member of the Broughton Formation stratigraphically between the Dapto and Cambewarra Latite Members (Bowman 1970) Bowman 1970) . The Loveleigh palaeosol on the other hand formed on volcanic sands and gravels mantling a latite flow. Compared with these parent materials both palaeosols show the following clear indications of soil formation.
(1) Root traces filled with dark brownish red clay ramify through the upper part of both palaeosols. In the Loveleigh palaeosol some of these are drab haloed. Root traces indicate that plants grew in these ancient soils.
(2) Clay is increasingly abundant in the surface horizons of both palaeosols, usually accompanied by a concomitant decline in the abundance of volcanic rock fragments, and to a less extent, declining feldspar (Figures 2,  3) . This is evidence of weathering of rock fragments and feldspar to clay.
(3) Alkali and alkaline-earth elements, and especially soda, are depleted with respect to alumina (Figures 2, 3) , and with respect to parent material. Both Loveleigh and Harvey palaeosols show similar weathering trends, with the Loveleigh more weathered than the Harvey palaeosol (Figure 4 ). This is a chemical indication of weathering of rock fragments to clay.
(4) Both palaeosols are highly oxidised, red with hematite and with low FeO/Fe2O3 ratios compared with parent latite and tuff (Figures 2, 3 ; also Joplin 1963 Joplin , 1964 . This is a chemical indication of oxidation, probably due to good aeration and drainage during soil formation.
(5) Field, petrographic and chemical variation are all gradational down from the abrupt surface of the palaeosol (Figures 2-4) . Gradational boundaries are characteristic of soil horizons.
(6) Unlike enclosing sediments, the palaeosols lack obvious bedding. They show instead a system of veins and clay skins like the peds, cutans and permafrost disruption of soils (Retallack 1990 ).
PALAEOCLIMATIC INDICATORS IN THE PALAEOSOLS
Both the Loveleigh and Harvey palaeosols show lateral deformation comparable with that produced in the active layer of permafrosted soils ( Figure 5 ). The two successive Harvey palaeosols near Dapto for example show a variety of deformations that lift the drab-coloured sandy basal layer up into the red clayey palaeosol as flame structures, lobes and dykes. These structures are very different from ball-and-pillow structures and load casts (Potter & Pettijohn 1963) , in which heavy sandy layers founder into underlying thixotropic clay. Deformation in the Harvey palaeosols shows just the reverse: the sandy material is injected upwards into the overlying clayey material. Furthermore the strong oxidation (low FeO/Fe2O3 ratios and red colour) of the Harvey palaeosols is an indication of better drainage and drier soils than those prone to load casting or convection (Van Vliet-Lanöe 1991). Load casts, contorted lamination and dyking can also be created by earthquake liquefaction, but such coseismic deformation is more pervasive and irregular than that seen in the Harvey palaeosols (Peterson & Madin 1997) . In addition, both palaeosols show comparable deformation confined to their clayey portions and not cross-cutting the lower palaeosol. Coseismic deformation of the upper palaeosol when it was still unlithified would have affected also the lower palaeosol, which was then shallowly buried (Peterson & Madin 1997) . Upward bulging subsurface layers are also found in swelling clay soils or Vertisols (Paton 1974), but the Harvey palaeosols show irregularities and liquefaction unlike the shearing of mukkara or gilgai phenomena. Deformation of the Harvey palaeosol is most like frost stirring in the active layer of permafrosted soils (Tedrow 1977; Van Vliet-Lanöe et al. 1984; Van Vliet-Lanöe 1985) . Expansion of ice in the sandy lower parts of the palaeosol may have caused it to bulge upwards and be pinched off in overlying soil horizons. In other cases there are dyke-like injection features ( Figure 5B ). This kind of permafrost deformation of subsurface layers is found in climates with a mean annual temperature of less than Ϫ1°C, and with a freezing index of 80->7000 °C days/year and thawing index <100-3700 °C days/year (Karte 1983; Williams 1986 ). Such structures not only indicate a frigid temperature regime, but also seasonal freezing and thawing cycles.
At the base of the dark red portion of the Loveleigh palaeosol there is pronounced undulation of the contact between red sandstone and underlying volcanic conglomerate ( Figure 5A ). Because bedding planes in the sandstone fill and onlap this undulose structure, I interpret it as an erosional feature, probably shallow rills. It is rather the system of bleached sand-lined cracks in the red palaeosol above the undulose top of the conglomerates that resemble the structure of fragipans and ice lenses in permafrosted soils (van Vliet-Lanöe 1985; van Vliet-Lanöe et al. 1984) . In frigid soils cracks are lined with coarse grains expelled from clayey soil by freezing. Root traces in the Loveleigh palaeosol cut across comparable vertical, drab, sand-lined cracks, indicating that they were not originally indurated like fragipans. No roots were seen to penetrate the basal brickwork-like drab cracks at the base of the Loveleigh profile. The drab colour of the cracks and red patches between the cracks are interpreted here as early burial alteration features dating back to Permian time, because they weather orange in the present outcrop. In addition, they are more distinct in the contrast between green and red further back in the cliff than the weathered surface. The green-grey stain defining a pattern of red brick-like units is maintained in different parts of the outcrop, where buried by sandstone or where covered directly by the current soil ( Figure 5A ). Such drab halos are common in palaeosols and are thought to form during shallow and early burial by the microbial reduction of buried organic matter (Retallack 1991) . Ice lenses may have collected humus that later decayed to accentuate local cracks with drab halos. Such ice lenses are found within permafrosted soils with mean annual temperatures of less than Ϫ1°C (Williams 1986).
Also indicative of a cool and humid climate is the degree of weathering of the profiles. There are lower soda and lime in both palaeosols compared with their parent materials (Figures 2, 3) , and compared with unweathered latite (Figure 4 ). There is also no sign of evaporite or carbonate nodules. Humid weathering is also clear from the mass transfer of sodium and calcium out of these aggrading profiles (Figure 4 ). These chemical weathering trends are significant, though less marked than in more deeply weathered palaeosols (Retallack & Mindszenty 1994; Bestland et al. 1996) . Similar trends were found using titanium and zirconium to normalise pedogenic strain. These are all indications of a humid climate, with precipitation well in excess of evaporation. The molecular ratio bases/alumina (B: the inverse of alumina/bases of Figures  2, 3) in the Bt horizons of North American soils can be shown to be related to mean annual rainfall (P in mm) according to the following formula (Ready & Retallack 1996) :
with correlation coefficient (r) of 0.7 and standard deviation () of ± 174 mm. Using this relationship, both Loveleigh and Harvey palaeosols give a value of 542 ± 174 mm, or roughly 350-700 mm mean annual precipitation. In tropical to warm temperate climates such rainfall regimes include mostly calcareous soils (Yaalon 1983) , unless evaporation is checked by very cool temperatures. Non-calcareous soils form in such dry climates in North America north of the US-Canada border (Birkeland 1984) and in Eurasia north of Israel (Yaalon 1983) . To have such humid chemical weathering at such low mean annual precipitation requires the very low evapotranspiration of frigid climates.
Frigid conditions are also indicated by the modest variation in clay abundance and persistence of feldspar throughout both profiles (Figures 2, 3) . Down-profile variation in ratios of alumina/silica and alumina/bases are also modest (Figures 2, 3 ): more modest than for Spodosols, Alfisols and Ultisols of temperate climates (Retallack 1997a). Petrographic and chemical differentiation of these palaeosols is comparable to that found in weakly developed soils of non-frigid climates, yet none of the palaeosols shows relict bedding that would indicate very weak development. In contrast, the palaeosols have been bioturbated and cryoturbated to take on a massive to weakly pedal appearance similar to moderately developed soils of nonfrigid climates. Cryoturbation structures like those of the Harvey palaeosols can be created in as little as about 50 annual freeze-thaw cycles, and prismatic structure like that of the Loveleigh palaeosol in 100-1000 cycles (van VlietLanöe et al. 1984; van Vliet-Lanöe 1985) . This conundrum of massive profiles in sedimentary parent materials yet modest chemical and mineral weathering is also compatible with origin through cryoturbation and slow weathering of frigid climates.
PALAEOCLIMATIC IMPLICATIONS OF PALAEOSOL CLASSIFICATION
Classification of palaeosols in the same way as modern soils facilitates comparison with modern soil-forming environments. There is a problem that some of the criteria for the classification of soils are not fully preserved after burial (Retallack 1991) , and need to be approximated by other measures (Retallack 1993) . Neither the Harvey nor Loveleigh palaeosols shows a surficial peat, subsurface horizon enriched in clay or carbonate, nor are they deeply weathered chemically or petrographically. Thus only the very weakly to weakly developed soil orders of Entisols and Inceptisols are appropriate using the US soil taxonomy (Soil Survey Staff 1997) . In view of the permafrost deformation already outlined the great groups Cryorthent and Cryochrept are most appropriate (Table 4) . Classifications, such as the various empirical classifications of Australia (Stace et al. 1968; Northcote 1974; Isbell 1993) , have roughly equivalent kinds of soils, but lack exact analogues of permafrosted soils. The most useful classifications for finding analogous modern environments to the palaeosols of the Gerringong volcanic facies are the FAO World Map (1974) and polar soil classifications (Tedrow 1977; Bockheim & Ugolini 1990) .
Gelic Cambisols comparable to Loveleigh and Harvey palaeosols are found on marine sediments, glacial till and outwash in lowlands to the west of Hudson Bay, Arctic Canada at a latitude of 59-61°N (map units Bx 1-1a, Bx 2-1b of FAO 1975) . Nearby Churchill has a mean annual precipitation of 407 mm and mean annual temperature of Ϫ7.2°C; there are 52 days above 10°C and July has mean daily temperatures of 12.0°C (Walter et al. 1975; Müller 1982) .
Gelic Cambisols are also found in Siberia in the alluvial basins of the Vilyui and Amga Rivers at a latitude of 59-65°N (map units Bx 1-1b and Bx 1-2b of FAO 1978a). Vilyuisk has a mean annual precipitation of 226 mm and mean annual temperature of Ϫ9.2°C; there are 90 days with temperatures above 10°C, 189 days with temperatures less than Ϫ10°C, and July has mean daily temperatures of 18°C (Walter et al. 1975; Müller 1982) .
In striking contrast, red soils developed on the Gerringong volcanic facies of the Kiama region today are much more deeply weathered and clayey (Craig & Loughnan 1964 ) than either Loveleigh or Harvey palaeosols. The surface soils can be classified as Acrisols (FAO 1978b) , Ultisols (Soil Survey Staff 1997 ), Red Earths (Stace et al. 1968 , and Gn2.14 and Gn2.15 (Northcote 1974; Walker et al. 1983) . Comparable deeply weathered palaeosols (Ultisols) of Triassic age are known to have developed on sandstones eroded from the Gerringong volcanic facies (Retallack 1977 (Retallack , 1997b . The Loveleigh and Harvey palaeosols formed on similar parent materials but are quite distinct from these temperate climate Quaternary soils and Triassic palaeosols.
PALAEOCLIMATIC ZONATION OF INFERRED VEGETATION
Loveleigh and Harvey palaeosols contain stout root traces of woody plants. Many of the root traces are brown, clayfilled and up to 4 mm in diameter. Some of the root traces have a drab (grey-green) halo extending to a diameter of 30 mm. There is also local drab discolouration of the former surface of the palaeosols, but it is discontinuous and thin (<3 cm). Drab discolouration is diffuse and not accom-panied by marked textural differences. Drab mottles are most like microbial reduction (gleization) during early burial of remnant roots and other organic matter (Retallack 1991) . The pattern of deeply penetrating, stout root traces and their gleization is compatible with a forested ecosystem of modest size with patchy and limited humus. Together with evidence for permafrost climate, discussed above, this supports a previous speculation (Retallack 1980 ) that these Late Permian forests were analogues of boreal taiga forests.
Comparable soils of northern Canada (map units Bx 1-1a, Bx 2-1b of FAO 1975) support boreal forest of white spruce (Picea glauca) and black spruce (Picea mariana), with white birch (Betula papyrifera), aspen (Populus tremuloides) and balsam poplar (Populus balsamifera). In Siberia (map units Bx1-1b, Bx1-2b of FAO 1978a) comparable soils support taiga forest of Dahurian larch (Larix dahurica), with Siberian pine (Pinus sibirica) and scrub alder (Alnus fruticosa). In both places trees are small (6-20 m tall) and well-spaced (Larsen 1989; Nikolov & Helmisaari 1992) .
None of these living species extend back to Permian time. Glossopterid floras and palynofloras of the Tomago Coal Measures are of about the same Late Permian geological age as the Gerringong volcanic facies (stage 5a of Kemp et al. 1977) , but these wetland habitats probably supported a very different flora than the well-drained Loveleigh and Harvey palaeosols. The distinctive chambered roots that characterise the swampland plants with leaves of Glossopteris are called Vertebraria (Retallack & Dilcher 1988) . These are common in underclays to coal seams in the Tomago, Newcastle and Illawarra Coal Measures (Retallack 1980), but were not seen in either the Loveleigh or Harvey palaeosols. Instead the two types of root traces in these palaeosols are (1) fine (2 mm diameter) with copious lateral rootlets, and (2) stout (4 mm or more diameter) and woody with less regular, perpendicular laterals. Comparable root traces have been described from the German Lower Triassic Buntsandstein (Mader 1990) , where they were attributed to equisetaleans (type 1) and conifers (type 2).
Both kinds of plants have been found in Upper Permian rocks of the Sydney Basin, and include Walkomiella australis (conifer) and Phyllotheca australis (equisetalean). Nevertheless the stout woody root traces in Loveleigh and Harvey palaeosols show no distinctively conifer or equisetalean features, and could conceivably have been from a variety of plants. Equally likely parent plants for these fossil roots are ruflorian cordaites (Noeggerathiopsis hislopii), seed ferns (Botrychiopsis ovata) or early glossopterids (Gangamopteris cyclopteroides), which are common in Lower Permian periglacial facies of the Sydney Basin and elsewhere (Retallack 1980; McLoughlin & Drinnan 1996) . Gangamopteris is so common in Lower Permian rocks that it can be taken as the most representative taxon of this ancient taiga (Retallack 1980) . The exact nature of vegetation on well-drained permafrosted soils of the Gerringong volcanic facies may never be known, because such environments are not conducive to plant preservation (Retallack 1984) . The reconstruction of this vegetation ( Figure 6 ) shows a generalised plant formation, rather than a specific flora. (Loughnan 1991) to cool-cold temperate (Kutzbach & Ziegler 1993) and frigid (Fawcett et al. 1994; Barron & Fawcett 1995) . The supercontinent of Gondwana creates unreasonably harsh and seasonal Permian palaeoclimatic estimates in many computer models, incompatible with palaeobotanical and other evidence (Taylor et al. 1992 ). These problems of extreme continentality may have been mitigated by clouds or lakes (Yemane 1993) or elevated atmospheric levels of carbon dioxide which altered equator-to-pole temperature gradients (Barron & Fawcett 1995) . Also potentially important are soil productivity factors, including soil carbon storage, relative primary/secondary productivity, high albedo and low soil moisture that may have been particularly anomalous in the past (Retallack 1997b). Neither lakes, nor elevated carbon dioxide, nor changed soil productivity are necessary to explain the palaeoclimate of the Gerringong volcanic facies, which from evidence presented here was frigid. Palaeosols of the Gerringong volcanic facies now allow an unusually detailed view of the palaeoclimate of the early part of the Late Permian on the southeastern coast of the Gondwana supercontinent. They were permafrosted soils of a humid, frigid climate in the taiga forest life zone ( Figure 6 , Table 5 ). Such an interpretation is compatible with palaeocontinental reconstructions placing them at palaeolatitudes of 57-85°S. Thus for this part of the Permian the equator-pole temperature gradient, atmospheric levels of CO2 and soil productivity factors were broadly comparable to those of today.
